Autosomal-dominant polycystic kidney disease (ADPKD) is the most common hereditary and systemic disorder associated with various cardiovascular complications. It has been implicated with dysfunction in primary cilia. We and others have shown that the immediate function of endothelial cilia is to sense extracellular signal. The long-term function of cilia is hypothesized to regulate cell cycle. Here, we show that ciliary function (polycystins) and structure (polaris) are required for proper cellular division. Cilia mutant cells undergo abnormal cell division with apparent defects in mitotic spindle formation, cellular spindle assembly checkpoint and centrosome amplification. Down-regulation of the chromosomal passenger survivin contributes to these abnormalities, which further result in cell polyploidy. Re-expression of survivin restores a competent spindle assembly checkpoint and reduces polyploidy. Aged animals show a more severe phenotype in cellular division, consistent with progression of cardiovascular complications seen in older ADPKD patients. For the first time, we show that structure and function of mechanosensory cilia are crucial in maintaining proper cellular proliferation. Furthermore, developmental aging plays a crucial role in the progression of these abnormal cellular phenotypes. We propose that abnormal function or structure of primary cilia not only causes failure to transmit extracellular signals, but also is associated with cytokinesis defects in both mice and humans with polycystic kidney disease.
INTRODUCTION
Autosomal-dominant polycystic kidney disease (ADPKD), a genetic disorder characterized by fluid-filled cysts in the kidney nephrons, is caused by a mutation in PKD1 or PKD2, the coding genes for polycystin-1 and -2, respectively. ADPKD is not only a kidney disease, but also a systemic disorder associated with cardiovascular complications such as cerebral intracranial and aortic aneurysms as well as cardiac valvular defects. These complications represent a continuous concern, particularly in older ADPKD patients (1) . In particular, the molecular mechanism in ADPKD has been associated with dysfunction in primary cilia.
A primary cilium is a mechanosensory organelle to which sensory polycystin-1 and polycystin-2 complex is localized. A number of human diseases have been linked to defective cilium structure and function. These diseases have been grouped together as so-called ciliopathies, ranging from hypertension (2-4) to cystic diseases (5 -8) and from obesity (9 -11) to mental retardation (12) . More importantly, aberrant proliferation rates have been observed in many cells with abnormal cilia. For example, abnormal structure and function of cilia * To whom correspondence should be addressed at: Department of Pharmacology, The University of Toledo, MS 1015, Health Education Building, Room 274, 3000 Arlington Avenue, Toledo, OH 43614, USA. Tel: +1 4193831910; Fax: +1 4193831909; Email: surya.nauli@utoledo.edu or wissam.aboualaiwi@utoledo.edu results in cystic kidney, of which phenotypes have been associated with polyploidy and hyperplasia (13) . It is, therefore, not surprising that primary cilia have been proposed as regulators of the cell cycle, in addition to their role as sensory organelles.
A cilium is projected from a basal body, which is one of the two centrioles possessed by a cell in normal resting state. The two centrioles form a body known as a centrosome. The centrosome duplicates during cell division, and the two centrosomes associate with anchoring points for mitotic spindles during mitosis. As such, resorption of the cilia and liberation of the centriole are crucial for centrosomal duplication and for cell division to proceed properly. Abnormal ciliary function or structure has thus been associated with the aberrant cell cycle due to high proliferation rate (14, 15) .
Despite the fact that primary cilia have been indicated in various diseases, including ADPKD, the fundamental understanding of primary cilia in cellular proliferation is still lacking. To study the role of cilia in cell division, we used Pkd1 2/2 and Tg737 Orpk/Orpk endothelial cells that have been previously confirmed to have abnormal ciliary function and structure, respectively (3) . In addition, we used primary endothelial cells from Pkd2 mice and samples from ADPKD patients to further verify our findings. Using various cells and experimental approaches, our data consistently show that proper function and structure of primary cilia are important and necessary to regulate the cell cycle. The similarity of cellular phenotypes (i.e. mitotic spindle defect and polyploidy) between cilium mutants and chromosomal passenger mutants (such as survivin knockout cells) further revealed a dramatic downregulation of survivin in cells with abnormal function and structure of primary cilia. We propose that sensory cilia play an important role during mitotic events via regulation of the chromosomal passenger protein, survivin. Orpk/Orpk cells were immunostained with DAPI (blue), acetylated-a-tubulin (green; acet-a-tubulin) and phalloidin (red; actin) to visualize nucleus, cilium, mitotic spindle and actin cytoskeleton. Images were captured at different cell-cycle stages of interphase (I), prophase (II), metaphase (III), anaphase (IV), telophase (V) and cytokinesis (VI). (B) Abnormal dividing cells, indicated as percentages (bar graph) and number of dividing cells (table), are significantly greater in cells with abnormal cilia function (Pkd1 2/2 ) and structure (Tg737 Orpk/Orpk ) than in wild-type cells. Original magnification, ×100. Asterisks denote significant difference toward corresponding wild-type groups.
RESULTS

Cilia mutant cells are characterized by multipolar spindle formation, mitotic abnormality and centrosomal amplification
Working with the primary endothelial cells or cell lines from various cilia mutant mouse models and ADPKD patient cells, we consistently observed abnormal cellular division in these cells. To examine this phenomenon further, we undertook a simple analysis of mitotic events during different stages of the cell cycle. Our immunostaining studies with acetylated a-tubulin and actin confirm that in contrast to wild-type cells, Pkd1 2/2 and Tg737 Orpk/Orpk endothelial cells are characterized by oversized or abnormal nuclei during interphase (Fig. 1A) . Furthermore, tri-and multi-polar spindle formation, as well as micronucleation during the different stages of mitosis, can be observed in cells with abnormal cilia. The number of abnormal dividing cells is significantly greater in Pkd1 2/2 and Tg737 Orpk/Orpk cells than in wild-type cells (Fig. 1B) .
It is generally known that improper regulation of centrosome duplication could result in multipolar spindle formation, asymmetric chromosome segregation and genomic instability (16) . To study the involvement of abnormal cilia cells in centrosome duplication, we performed immunofluorescence analysis on wild-type, Pkd1 2/2 and Tg737 Orpk/Orpk cells. Antibody to pericentrin is used as a specific marker to confirm the presence of centrosomes ( Fig. 2A) . We observe that unlike wild-type cells, Pkd1 2/2 and Tg737 Orpk/Orpk cells are associated with multiple centrosomes and oversized nuclei during G 0 (interphase). In addition to the multiple centrosomes, multi-polar spindle formation and micronucleation are also observed in cells with abnormal cilia during different stages of mitosis. To confirm the specificity of the centrosomal localization of pericentrin, wild-type, Pkd1 2/2 and Tg737
Orpk/Orpk cells were co-stained with antibodies specific for g-tubulin, a common centrosomal protein marker (Fig. 2B ). This further verifies our observation that abnormal chromosomal segregation is associated with overduplication of centrosomes. Centrosome amplification is significantly greater in Pkd1 2/2 (15.9 and 22.1%) and Tg737
Orpk/Orpk (20.4 and 33.7%) cells than in wild-type cells (1.4 and 2.4%) that are at resting and dividing stages, respectively (Fig. 2C) .
Centrosome overduplication is also associated with multiple cilia formation in Pkd1 2/2 endothelial cells. In contrast to wild-type endothelial cells which have one or no cilia at any time during their life cycles, Pkd1 2/2 cells showed significantly higher numbers of multiple cilia formation at resting stage (Fig. 3A) . At resting stage, we observed about 11% of Pkd1 2/2 cells with more than one primary cilium (Fig. 3B ). To confirm the occurrence of centrosome amplification in vivo, we analyzed aorta sections taken from the whole aorta of wild-type, Pkd2 2/2 and Tg737 Orpk/Orpk mice. Note that we have previously shown that similar to Pkd1 2/2 cells, Pkd2 2/2 endothelial cells also have abnormal cilia function (2) . Aorta sections from embryonic Pkd2 2/2 mice showed multiple cilia formation and centrosome amplification compared with sections from wild-type embryos (Fig. 3C) . Moreover, we noticed an increased thickening of the intima layer in Pkd2 2/2 aortas when compared with wild-type (Fig. 3D) .
Cilia mutant cells are characterized by polyploidy and genomic instability
Aberrant mitotic spindle formation and centrosome amplification are known to be the primary causes of polyploidy followed by a possible genomic instability (16) . We thus hypothesized that abnormal centrosome amplification would result in cell polyploidy. Polyploidity profiles of wild-type, Pkd1 2/2 and Tg737 Orpk/Orpk cells were analyzed with propidium iodide (PI) and 5-bromodeoxyuridine (BrdU) staining. Although PI is generally used in quantifying DNA content, BrdU is used as a marker for cell division. Our flow cytometry analysis reveals the presence of abnormal polyploidy peaks in both Pkd1 2/2 and Tg737
Orpk/Orpk cells but not in wild-type cells (Fig. 4A ). More importantly, the polyploidy cells seem to be able to undergo cell division (Fig. 4B) . Regardless, the abnormal polyploidy peaks (.4N) in both Pkd1 2/2 and Tg737 Orpk/Orpk cells represent a significantly higher cell population than in wild-type cells (Fig. 4C ). This indicates that the polyploidy levels in ciliary mutant cells are associated with centrosome overamplification.
We next hypothesized that abnormal cell division and cell ploidy would result in genomic instability. Consistent with this view, karyotyping analysis showed abnormal genomic contents in both Pkd1 2/2 and Tg737 Orpk/Orpk endothelial cell lines (data not shown). To confirm this observation in Pkd2 2/2 mice, we picked and karyotyped endothelia directly from Pkd2 mice. As expected, we consistently observed polyploidy in Pkd2 2/2 mice (Fig. 5A) . A further study on individual chromosomes indicates that this cell is tetraploidy (Fig. 5B) . In general, we observe more than 10% of Pkd2 2/2 endothelial cells with tetraploidy from three separate preparations with a total of 85 cells. Orpk/Orpk adult mice were stained with pericentrin (red) and counterstained with DAPI. The boxes indicate areas of arteries that were further magnified, as shown in the insets, which reveal individual cells with multiple centrosomes in Tg737
Orpk/Orpk , but not in wild-type, aortas. Original magnification, ×100, except for those in phase contrast, ×20. Asterisks denote significant difference toward corresponding wild-type groups. Arrows indicate multiple primary cilia and/or centrosomes.
To further confirm whether our finding is clinically relevant, we utilized samples from our ADPKD patients. Some of these samples have been previously described and partially characterized (2) . These vascular tissues from the ADPKD patients have abnormal cilia function. A simple study by counting the chromosomal numbers indicates that non-ADPKD and some ADPKD vascular samples have normal chromosomal numbers of 23 pairs (Fig. 5C ). In some ADPKD samples that showed normal chromosomal numbers, we surprisingly observed genomic instability (Fig. 5D ). For example, although the ADPKD cell has 23 pairs of chromosomes, this cell had lost one sex chromosome and gained an additional chromosome #7. In general, however, we observed failure of chromosomal segregation, resulting in 46 pairs of chromosomes in ADPKD samples. Overall, we observed 31 individual cells (60%) from three ADPKD samples with normal genomic composition, whereas 7 (13%) and 14 (27%) ADPKD cells show tetraploidy and aneuploidy, respectively. There is no consensus on the chromosomal compositions in aneuploidy cells. This suggests that the genomic instability in ADPKD cells would probably result in tetraploidy, which in turn results in randomized aneuploidy cells.
Cilia mutant cells lack mitotic spindle checkpoint due to aberrant chromosomal passenger
To understand the cause of polyploidy, we performed live cell analysis to examine the mode of chromosome missegregation (17, 18) . Live imaging allowed us to determine at which mitotic stage the chromosomes fail to segregate and to examine whether over-amplification of the centrosome would allow cells to undergo cytokinesis. Wild-type cells from mouse endothelial cells underwent normal bipolar cell division in which the chromosomes and cytoplasm segregated equally to each side of the poles to generate two diploid daughter cells ( Fig. 6A ; Supplementary Material, Movie S1). The cells were able to execute all mitotic stages from prophase 
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(chromosome condensation and nuclear membrane dissolution), metaphase (alignment of chromosomes at equatorial plate), anaphase (bipolar segregation of sister chromatids towards opposite poles), telophase (complete chromosome segregation and chromosome decondensation) and cytokinesis (complete separation of cytoplasm to produce two identical progeny cells). These progeny cells are normal and healthy and can continue normal subsequent divisions. A normal mitotic event usually lasts from 15 to 30 min. Mouse Pkd1 2/2 cells contain significantly larger nuclei and spend a longer period of time in pro-metaphase ( Fig. 6B ; Supplementary Material, Movie S2). Cells then undergo multiple unequal divisions of the nucleus and cytoplasm to yield several progeny cells that fail to undergo complete cell division and cytokinesis. Due to the failure of chromosomal separation, the daughter cells are re-united in one cell that encloses additional DNA contents. Likewise, Tg737
Orpk/Orpk cells showed a very similar mitotic failure ( Fig. 6C ; Supplementary Material, Movie S3). The cell demonstrated that chromosomes were aligned along the tripolar plate and underwent tripolar cell division. The three progeny daughter cells resulting from this division failed to separate, and hence contracted into one cell that enclosed three nuclei. We further examined primary cells of human ADPKD cells that failed to show cytosolic In mouse Pkd or primary human ADPKD cells, the DNA was condensed and was able to line up for chromosomal segregations. During anaphase, however, the cells were not able to separate the chromosomes equally. As a result, cytokinesis did not take place, and cells became polyploidy. The movies show that cilia mutant cells could complete the mitotic checkpoint assembly, but failed to maintain spindle tension during anaphase. Numbers indicate time in minutes and seconds as illustrated in the Supplementary Material, Movies S1-S4. Top panels are phase-contrast images to identify numbers of cells; bottom panels are fluorescence images of Hoechst. Arrows indicate cell boundary in phase contrast or cell nucleus in fluorescence images; each color represents one parental cell. Original magnification, ×40.
calcium transient in response to fluid flow ( Fig. 6D ; Supplementary Material, Movie S4). The cell imaged during prophase spent a long period of time in pro-metaphase. The cell eventually divided into three multipolar cells with abnormal and unequal chromosomal (DNA) divisions in anaphase, which resulted in apparent abnormality during early telophase. Furthermore, the cell was unable to undergo cytokinesis, and the progeny cells failed to develop. As a result, the cell formed a gigantic body with polyploidy DNA content. These multi-nucleated cells, when imaged over a period of 1 week, underwent apoptotic cell death, probably due to the inability to execute further cell divisions (data not shown).
The phenotype of genomic instability and evidence from live-imaging analysis generally suggest that such phenotypic characteristics are associated with abnormality in various chromosomal passenger proteins such as survivin (19) (20) (21) (22) . H3) is used as a marker for nuclear division, and PI is to indicate DNA content. In wild-type cells (A), treatments with taxol, nocodazole or Zm447435 resulted in mitotic arrest. In Pkd1 2/2 (B) and Tg737 Orpk/Orpk (C) cells, only nocodazole promoted mitotic arrest when compared with their corresponding controls. Consistent with the results, further inhibition of chromosomal passenger protein with Zm447435 could not promote mitotic arrest and that chromosomal passenger protein was required for mitotic arrest by taxol. Mitotic-stress test was measured by analyzing changes in resting cells (2N), which are PI and phospho-histone-negative, as indicated by the brackets. (D) These changes are reflected in % non-arrested cells from the total cell population. Asterisks denote significant difference toward corresponding control groups.
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In addition, live-imaging studies demonstrate that the cilia mutant cells failed to maintain an arrest in the presence of unattached chromosomes, which is another characteristic of abnormal survivin function (23) . To confirm whether these abnormalities involve chromosomal passenger proteins, we performed mitotic-stress tests on these cells with taxol to stabilize spindle tubules, nocodazole to depolymerize mitotic tubules or Zm447435 to inhibit the function of chromosomal passenger protein. As expected, wild-type cells underwent mitotic arrest when treated with taxol, nocodazole or Zm447435 (Fig. 7A) . The mitotic-stress tests also indicate that nocodazole, but not taxol, induced mitotic arrest in both Pkd1 2/2 ( Fig. 7B) and Tg737 Orpk/Orpk (Fig. 7C ) cells, when compared with their corresponding control groups. These data suggest that chromosomal passenger protein is involved in the abnormalities seen in our Pkd1 2/2 and Tg737
Orpk/Orpk cells. This further confirms that taxol-induced mitotic arrest involves a mechanism that requires chromosomal passenger protein (23) . Consistent with this view, Zm447435 did not show any significant effects in Pkd1 2/2 or Tg737
Orpk/Orpk cells (Fig. 7D ). This indicates that the cilia mutant cells might have already had a repressed chromosomal passenger protein, which cannot be further depressed.
Survivin has an important role in the genomic instability observed in cilia mutant cells in vitro and in vivo
To examine the possibility of survivin as the chromosomal passenger protein responsible for the phenotypes observed in the cilia mutant cells, we performed western blot analysis on actively dividing wild-type, Pkd1 Orpk/Orpk cells (Fig. 8A) . To verify this finding in vivo, total proteins Orpk/Orpk cells (Fig. 8B) . Aurora B kinase, on the other hand, does not seem to provide any regulated pattern in cilia mutant cells.
To further confirm the role of survivin in mutant cells with abnormal cilia structure or function, we transfected the cells with survivin construct. Because the transfection efficiency of these cells is highly variable, we used green fluorescent protein (GFP)-containing construct to measure only those cells that were transfected successfully with either survivin construct or empty vector (control). Under resting state, survivin-GFP was mainly localized in the cytosol (data not shown). Survivin-GFP was co-localized at the mitotic plate and/or kinetochore in metaphase, whereas it was localized at the mid-body at late telophase (Fig. 8C) . We also observed that transfected mutant cells still had abnormal division. In some cases, this was probably due to a lower expression level of survivin-GFP in that particular single cell. To obtain a more robust statistics, only survivin-GFP cells were analyzed for BrdU and PI uptakes using flow cytometry (Fig. 8D) . The BrdU and PI data were tabulated with proper control groups (Fig. 8E) . Our data show that although survivin did not completely rescue the cilia mutant cells, expression of survivin significantly corrected the genomic instability observed in cilia mutant cells.
Molecular convergence and developmental aging may also involve in polyploidy
We previously showed that acetylcholine-induced nitric oxide synthesis was intact in cilia mutant endothelial cells (3). In particular, cilia mutant cells seem to 'behave' better after acetylcholine treatment, as indicated by numbers of centrosomes at resting or dividing states (Fig. 9A) . Further analysis indicates that although acetylcholine tends to decrease centrosome amplification in cilia mutant cells, this effect was very minimal at best (Fig. 9B) . Because survivin has been shown to be directly downstream of PI3K/Akt(PKB) signaling (24 -26) , which is also involved in cilia function (2), we examined whether PI3K/Akt(PKB) signaling is altered or can be induced with vascular endothelial growth factor (VEGF) in mutant cells (Fig. 9C) . The western blot data indicate that although Akt levels were not altered, basal phosphorylation of Akt was consistently greater in cilia mutant cells than in wild-type cells. More important is that VEGF increases Akt phosphorylation and induces survivin expression, which can be blocked by either PI3K or Akt/PKB inhibitor. To correlate these results with cell ploidy level, we employed flow cytometry to analyze polyploid cells with various pharmacological combinations (Fig. 9D) . In particular, VEGF but not acetylcholine tends to reduce polyploid cilia mutant cells (statistically significant in Pkd1 2/2 cells). This tendency was diminished when VEGF-induced survivin expression was blocked with either PI3K or Akt/PKB inhibitor. In Tg737
Orpk/Orpk cells, PI3K or Akt/PKB inhibitor significantly worsened the cell 
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Human Molecular Genetics, 2011, Vol. 20, No. 2 polyploidity. Together, we propose a possible intra-molecular convergence paradigm that links cilia function, cellular growth and polyploidy (Fig. 9E) . Biologically speaking, cellular growth is connotated with a typical process of physiological development or aging. More specifically, it has been suggested that aged human endothelial cells may occasionally become polyploidy (27) . To examine the relationship between polyploidy and developmental aging in the cilia mutant mouse model, we freshly isolated aortic endothelial cells from E15.5 embryo, 3-week-old pup and 3-month-old adult of wild-type or Tg737
Orpk/Orpk mice. Centrosome amplification was observed in resting and dividing Tg737
Orpk/Orpk cells isolated from embryo, pup and adult mice (Fig. 10A) . Although centrosome amplification was more readily found in cells from adult mice, abnormal centrosome is always significantly greater in Tg737
Orpk/Orpk than in wild-type cells, regardless of the age groups (Fig. 10B) . Polyploidity was also studied in these cells (Fig. 10C) . Of note are the readily dividing embryonic cells compared with cells isolated from pup or adult (BrdU-positive cells). Regardless of the age group, however, the polyploidy is consistently and significantly greater in Tg737
Orpk/Orpk than in wild-type mice. This further indicates that a mutation which results in cilia dysfunction will present a more severe phenotype as the disease progresses at an older age.
DISCUSSION
We show here for the first time that primary cilia in endothelial cells are important sensory organelles required for proper cell division and chromosomal segregation. Failing to have a normal cilia structure and function, a cell will undergo abnormal cell division through centrosomal overduplication and multipolar spindle formation. Consequently, cilia mutant cells from mice or human patients are characterized by abnormal mitosis and chromosomal separation, resulting in genomic instability. Such instability will result in cell polyploidy and is further exacerbated by developmental aging. Survivin re-expression can partially rescue the cellular phenotypes of centrosome over-amplification and cell polyploidy.
Primary cilia are mechanosensory organelles that transmit extracellular fluid flow to intracellular biochemical signaling. Abnormal transmittance of extracellular signal prevents cells from differentiating properly (data not shown). Failure to differentiate is usually associated with the abnormal cell cycle. Consistent with this view, abnormally dividing cells were significantly greater in cilia mutant cell populations than in wild-type cell populations. Surprisingly, these abnormalities can be observed throughout different cell-cycle stages of interphase, prophase, metaphase, anaphase, telophase and cytokinesis (Fig. 1) .
The abnormal mitosis is most likely caused by a significant number of cells with centrosome overduplication because amplification of the centrosome can be seen in both dividing and non-dividing stages of cilia mutant cells (Fig. 2) . This observation is consistent with other studies, which suggests that centrosome amplification happens early in cystic kidney disease (28, 29) . We further show that Pkd1 2/2 and Pkd2
2/2
cells with centrosome overduplication have multiple primary cilia in vitro and in vivo (Fig. 3) . In Tg737 Orpk/Orpk cells or tissues, the multiple cilia formations were less obvious, if present at all, probably due to their short and stubby cilia. Nonetheless, multiple centrosomes are also observed in Tg737
Orpk/Orpk cells and tissues. Centrosome overduplication generally induces the unevenness of chromosomal segregation, which can result in greater DNA content. When cilia mutant cells were further examined for their cell-cycle profiles, they were indeed shown to have greater DNA content. Analysis with BrdU and PI indicates that cilia mutant cells are polyploidy with additional DNA content (Fig. 4) . To further verify that such polyploidy and abnormal cell division are not due to cell line artifact, we performed the additional experiments on primary cells isolated from Pkd mice and samples from ADPKD patients (Fig. 5) . When chromosomal identifications were examined, abnormal numbers of chromosomes were encountered, verifying our findings from the cell lines. Abnormal chromosomal segregation immediately became apparent in polycystic kidney disease.
To identify the defects in chromosomal segregation and/or cytokinesis, we performed live-imaging analysis with phase contrast to identify individual cell body, and fluorescence imaging to identify individual cell nucleus (Fig. 6 and Supplementary Material, Movies S1-S4). The most obvious defect in cilia mutant cells is particularly observed during anaphase. To further eliminate cell line artifact, we also used primary cell culture from ADPKD patients. Both mouse cell lines and primary human cells indeed provided very similar results, further substantiating our hypothesis that proper function and structure of cilia are required in cell division. All abnormalities observed in polyploidy and during chromosomal segregation are characteristics of dysfunction in chromosomal passenger proteins. In particular, the live-imaging analysis reveals that cilia mutant cells could complete the mitotic checkpoint assembly but failed to maintain spindle tension during anaphase, which further supports the involvement of chromosomal passenger proteins (23) .
We next performed mitotic-stress tests (Fig. 7) . Basically, these tests utilize both taxol and nocodazole to promote mitotic arrest. In particular, chromosomal passenger proteins are not required during early mitotic spindle formation. However, they are required to maintain 'cell commitment' to complete cell division. Consistent with this view, our data indicate that stabilizing microtubules with taxol failed to arrest cilia mutant cells but not wild-type cells. On the other hand, de-polymerizing microtubules with nocodazole arrested both wild-type and cilia mutant cells. Our data, thus, support the idea that chromosomal passenger proteins play an important role in checkpoint maintenance, such as microtubule tension of mitotic spindles. Chromosomal passenger protein complex is known to phosphorylate their substrate, histone H3. Accordingly, inhibitor for chromosomal passenger complex Zm447439 induces a decrease in histone H3 phosphorylation in wild-type cells. Surprisingly, Zm447439 did not cause a further decrease in histone H3 phosphorylation in cilia mutant cells, presumably because these cells have already had a depressed activity of chromosomal passenger.
To investigate this possibility, we measured expression levels of the chromosomal passenger protein, survivin (Fig. 8) . Levels of survivin are consistently and significantly repressed at the transcriptional and translational levels in mutant cilia cells and tissues. Because the downstream effector of survivin is aurora B kinase, we also measured expression levels of aurora B kinase by re-blotting western membrane for survivin. However, we do not see any consistent pattern of changes in the expression levels of aurora B kinase. Because survivin is expressed only during cell division, survivin expression level may thus be regulated after cells are committed to undergo cell division. The results are consistent with our live-imaging observation.
VEGF has been shown to increase survivin expression (26) , and re-introducing survivin is sufficient to correct cell polyploidy (Fig. 8) . Our data show that VEGF-induced survivin expression can partially rescue the polyploidy phenotype in cilia mutant cells (Fig. 9 ). This effect depends on the molecular functions of PI3K and Akt/PKB. Acetylcholine, which also involves PI3K and Akt/PKB (30) , has a minor effect on centrosome amplification but has no significant role in cell ploidy. This indicates that although acetylcholine prevents apoptosis through PI3K/Akt/PKB pathway, it does not have any role in endothelial ploidy level.
Survivin is a chromosomal passenger protein involved in coordinating proper chromosomal events during mitosis. In addition to inhibiting apoptosis, survivin is also essential for proper cell division during mitosis and is a cell-cycle-regulated protein expressed in G2/M phase (19) . It has been shown that altering survivin level can cause abnormal cell division (20) (21) (22) . An abnormally high survivin expression is observed in many types of cancer but is undetectable in normal, differentiated adult tissues. Consistent with this information, higher polyploidy has been reported in endothelial cells isolated from older humans (27) . Our data also support this view (Fig. 10) . In particular, the polyploid cells with abnormal numbers of chromosomes were observed at the rate of approximately 10-20% at a time. We would argue that the small rate is significantly relevant, over years and decades, to the progression of human diseases.
Although the exact mechanism is still unknown, the downregulation of survivin in cilia mutant cells might induce mitotic cell-cycle arrest, which might lead to mitotic slippage and result in polyploid cells. Survivin and aurora B interact with each other, and in the presence of survivin, aurora B kinase activity is increased (31) . Thus, survivin binding to aurora B is required for aurora kinase activity to phosphorylate its substrates, such as histone H3. In particular, aurora kinase homolog in Chlamydomonas is believed to be a key regulator for flagella structure (32, 33) . In fact, aurora kinase could promote ciliary disassembly in mammalian cells (34) .
In summary, we propose that the sensory function and structure of cilia are crucial in regulating cell differentiation and cellular division, especially during anaphase of the cell cycle. Abnormalities in such regulation will result in abnormal expression of survivin, which leads to multipolar spindle formation, asymmetric chromosome segregation and genomic instability. Our studies also provide evidence that abnormal cell division will result in cell polyploidy, which might be the hallmark behind the pathophysiological abnormalities associated with ADPKD, including cystogenesis and aneurysms. Furthermore, the severity of these abnormalities may be compounded by developmental aging, which partly explains the long-term pathogenesis event of atherosclerosis, also a cilia-related disorder (35) .
MATERIALS AND METHODS
The use of animal tissues was approved by the animal care and use committee of The University of Toledo. Signed and informed consent to collect disposed ADPKD human tissues was obtained from the patients, and tissue collection protocols were approved by the Department for Human Research Protections of the Biomedical Institutional Review Board of The University of Toledo.
Cell cultures
Endothelial cell lines were generated from wild-type, Pkd1
2/2
and Tg737
Orpk/Orpk 15.5-day embryonic (E15.5) mouse aortas, as previously described (3) . Prior to the experiments, these cells were grown in Dulbecco's Modified Eagle's Medium (DMEM; Cellgro, Manassas, VA, USA) containing 2% of fetal bovine serum at 398C. For the primary culture, vascular endothelial cells were obtained from wild-type and Pkd2 E15.5 mouse aortas. Freshly isolated endothelial cells from E15.5 embryos, 3-week-old pups and 3-month-old adults were obtained from wild-type and Tg737
Orpk/Orpk mice. These mice were bred in C3H background for 15 generations to study age-related effects on cell division. Human endothelial cells were isolated from interlobar arteries. All primary cells were grown in DMEM with 15% serum (and 1% penicillin/streptomycin as needed) at 378C with 5% CO 2 incubator. Isolation and partial characterization of all primary cultures have been described previously (2) . The experimental set-up for the functional study on shear stress-induced cilia activation has also been discussed in detail (2, 3) . Regardless of cell lines or primary cells, all media supplements were not used or were withdrawn prior to our experiments to prevent unintended cell growth (culture artifact).
Immunofluorescence and western blot
Confluent cells grown to full differentiation on glass coverslips were rinsed with 1× phosphate-buffered saline (PBS), fixed with 4% paraformaldehyde containing 2% sucrose for 10 min, and permeabilized with 1% Triton-X in PBS for 5 min. Acetylated-a-tubulin (clone 6 -11B-1 from Sigma, St Louis, MO, USA) was used at a dilution of 1:10 000, actin (clone AC-40; Sigma) at 1:20 000, pericentrin (Covance, Princeton, NJ, USA) at 1:500 and g-tubulin (clone C-20; Santa Cruz Biotechnology, Santa Cruz, CA, USA) at 1:500. Texas red and fluorescein-conjugated anti-mouse and antirabbit (Pierce, Rockford, IL, USA) were used at 1:500. Cells were counterstained with 4.6-diamidino-2-phenylindol DAPI (Vector Laboratories, Burlingame, CA, USA).
For western blot analysis, cells were lysed with radioimmunoprecipitation assay buffer. Intracellular contents were collected by centrifugation at 100g for 10 min. Total cell lysates were analyzed with a standard 10 or 8 -14% gradient sodium dodecyl sulfate -polyacrylamide gel electrophoresis. Survivin and aurora B kinase (ABCam, Cambridge, MA, USA) were used at dilutions of 1:100 and 1:200, respectively. Antibodies against Akt, p-Akt, PI3K, GAPDH (Cell Signaling Technologies, Danvers, MA, USA; 1:1000, 1:500, 1:500 and 1:1500, respectively) and p-survivin (Novus Biologicals, Littleton, CO, USA, 1:500) were also used.
Flow cytometry
Endothelial cells were incubated with 30 mM BrdU (Sigma) for 15 min, rinsed with 1× PBS, detached with trypsin-EDTA and permeabilized with ice-cold 100% ethanol. Total RNA was digested with 0.5 mg/ml of RNase A (Boehringer Mannheim, Ingelheim am Rhein, Germany) at 378C for 30 min, pelleted at 1100 rpm for 8 min at 48C and then resuspended in 1 ml of HCl-Triton solution. The DNA was then denatured at 978C for 15 min and quickly chilled in an ice-water bath for 15 min. Anti-BrdU Alexa Fluor 488 at a dilution of 1:100 (A21303; Invitrogen, Carlsbad, CA, USA) was used. The cells were then pelleted and resuspended in 0.5 ml of 20 mg/ml PI (P-4170; Sigma) for 1 h at room temperature before being analyzed. In some cases, anti-phosphorylated histone 3A antibody (Sigma) at a dilution of 1:50 and PI was used to stain and analyze the cells.
For survivin-rescued experiments, human full-length survivin construct was inserted into pEGFPc1 (Clontech, Mountain View, CA, USA). Endothelial cells were transiently transfected with survivin-GFP or empty-GFP vector with Fugene 6, according to the manufacturer's instructions (Roche Diagnostics, Indianapolis, IN, USA). About 24 h after transfection, cells expressing GFP were randomly selected for analysis with C6 Flow Cytometer (Accuri Cytometers, Ann Arbor, MI, USA).
Quantitative reverse-transcriptase polymerase chain reaction
Total RNA was collected from three different plates, pooled together and isolated using the RNeasy Mini Kit (Qiagen, Germantown, MD, USA). The yield and quality of total RNA Real-time PCR detection system. The complete reactions were incubated in the real-time thermal detection system and subjected to the following program of thermal cycling: 10 min at 508C for cDNA synthesis, 5 min at 958C for iScript Reverse Transcriptase inactivation and 40 cycles of 10 s at 958C and 30 s at 628C for PCR cycling and detection. A melting curve was run after the PCR cycles, followed by a cooling step.
The real-time PCRs were quantitated by selecting the amplification cycle where the PCR product of interest was first detected (C T ). The C T value was defined as the cycle in which an increase in reporter signal (fluorescence) crosses the threshold. The C T value was then averaged from the triplicate PCR reactions. Each sample was thus run in triplicate in every experiment, and each experiment was repeated at least three times. The expression level of survivin and aurora B kinase was normalized to the expression level of the endogenous reference gene, actin. The fold change in survivin and aurora B kinase mRNA relative to the endogenous standard (actin) was determined by 2 −[C T (Survivin/AurB)−C T (Actin)] , summarized as 2 −dC T .
Spectral karyotyping analysis
For chromosome spreads, cells were isolated and plated for at least 1 day and grown to 80% confluency. Cells were then grown for an additional 2 h after incubating with 0.05 mg/ml colcemid solution for 30 min at 378C in the dark. Next, cells were detached and incubated with 0.56% KCl solution for 45 min at 378C, followed by fixing with 3:1 methanol:acetic acid. The cells were dropped onto pre-cleaned glass slides and counterstained with DAPI for microscopy analysis. At least 50 chromosome spreads were counted from each cell analysis. For spectral karyotyping (SKY) analysis, chromosome spreads were prepared using air-drying methods. After sequential digestion with RNase and pepsin, according to the procedure recommended by Applied Spectral Imaging (ASI, Vista, CA, USA), the chromosomal DNA on slides was denatured in 70% formamide and then hybridized with a cocktail of mouse or human SKY paint probes tagged with various nucleotide analogues (i.e. a mixture of individual chromosome DNA prepared by flow-sorting and PCR amplification). Thirty to fifty mitoses were chosen at random. The images were developed by combinations of five different fluorophores. Rhodamine, Texas-Red, Cy5, FITC and Cy5.5 were captured with a Spectral cube and interferometer module installed on an Olympus microscope. Spectral karyotypes were carried out using SKY View software (Version 1.62).
Live-imaging study
Because of the low transfection efficiency of fluorescence constructs (GFP or DsRed), we incubated the cells with membrane-permeable and DNA-specific dye, Hoechst. After 20 min and being rinsed of the excess dye, cells were randomly selected for live-imaging analysis for 24 h with a Nikon TE2000 microscope equipped with an environmental chamber. For better focusing, the microscope was equipped with XY-axis motorized flat top inverted stage, Nikon automatic focusing RFA Z-axis drive and custom-designed vibration isolation platform. For a better controlled environment, the body of the microscope was enclosed inside a custom-built chamber to control CO 2 , humidity, heat and light. Images were obtained every 5 min with an exposure time of 20 ms. Phase-contrast images were captured simultaneously at the same interval, but with an exposure time of 2 ms. Multiple focal planes were also taken to obtain the best focus for the dividing cell.
Pharmacological treatments
For mitotic-stress tests, cells were first incubated with 2 mM Zm447435 for 1 h to inhibit aurora B kinase activity, 0.1 mg/ml of nocodazole for 12-16 h to depolymerize microtubules or 33.3 nM taxol for 12-16 h to stabilize microtubules. In some cases, cells were treated with 10 mM acetylcholine. In other cases, cells were incubated with either 40 ng/ml of VEGF in the presence or absence of 10 mM Akt/PKB inhibitor or 20 mM PI3K inhibitor (LY294-002). All chemicals were purchased from Sigma, except Akt/PKB inhibitor (Calbiochem, Gibbstown, NJ, USA) and Zm447435 (Tocris Bioscience, Ellisville, MO, USA).
Data analysis
Experiments were repeated on different sets of cell populations at least three times. When primary mouse or human cells were used, they were also isolated from at least three different subjects (N ≥ 3 for each group). For immunostaining analysis, a minimum of six coverslips were used for each experiment. All quantifiable data were reported as mean + SEM. Comparison between two groups was carried out using Student's t-test. Data comparisons for more than two groups were done using analysis of variance test, followed by Tukey's post-test analysis. Unless otherwise indicated, the difference between groups was statistically significant at P , 0.05. All statistical analyses were done with GraphPad Prism, version 5.0.
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